This paper depicts a brief review on the applications of packed supercritical fluid chromatography (SFC) in palm oil analyses and purifications from early 1990s to date. Packed SFC has been used for the analyses of various palm oil components. The analytical separations have also been scaled up to preparative scale that leads to the recovery of high value components from palm oil. This review encompasses both analytical and preparative SFC in the oil palm processing.
Introduction
The emerging of supercritical fluid chromatography (SFC) in separation science has grown rapidly in recent years. The unique properties of supercritical fluid as mobile phase in SFC overcome the difficulties of solute thermal instability and volatility encountered in GC and also shorten the relatively longer analyses times of HPLC separations [1] - [5] . Although GC and HPLC are good separating tools in their own ways, the SFC is a more powerful technique in comparison. In addition, it offers a clean, hygienic and healthy working environment which is equally as important as the result of an analysis. The comparatively lower operating temperature of SFC over GC gives the advantage of preserving heat-labile compounds, commonly found in plants [6] - [9] . However, SFC as an analytical tool had a slow start due to some technical deficiencies and depended heavily on the use of capillary columns [10] .
Packed column SFC is widely accepted these days as it is more robust and more adaptable to a broader sprectrum of compound classes. The development of packed column technologies in recent years has contributed to SFC gaining popularity since. With hurdles such as back-pressure regulation, consistent flow rates, entrainer addition, sample injection, automation, stationary phases, resolved, packed SFC is getting stronger than ever [11] - [16] . Various chromatographic and analytical techniques have been adopted for the analyses of palm oil. Crude palm oil (CPO), which is extracted from the oil palm fruits, is complex on its own with the composition of glycerides (TG > 90%; DG, 2% -7% and MG, <1%), FFA (3% -5%) and about 1% minor components such as the carotenoids (500 -700 ppm), vitamin E (600 -1000 ppm), sterols (250 -620 ppm) and squalene (200 -600 ppm) [17] [18] . Due to the complexity of CPO, each group of compounds requires specific techniques for their analyses. For instance, palm vitamin E was analysed using HPLC with fluorescence detection, squalene and sterols by GC-FID after saponification, and carotenes by UV-vis spectrophotometry [19] [20] . Chromatographic isolations, e.g. by HPLC and GC, of similar compounds from sources other than palm oil have also been reported [21] [22]. SFC of carotenes, vitamin E and sterols has also been reported in the past using model mixtures. However, it is noteworthy that SFC separations are very much different in real sample matrix compared to model matrixes where interference from other compounds was eliminated.
SFC as Analytical Tool
Choo and researchers reported on a straight forward SFC, in order of elution, squalene, carotenes, vitamin E and sterols, from real palm oil samples in a single run [23] . The study reported that the analyses using SFC did away with the tedious sample preparations required for each group of the compounds should they be analysed separately using conventional GC and/or HPLC method [23] . Conventional analyses of these palm components were tedious, as different techniques such as UV-vis spectrophotometry, HPLC and GC are necessary to quantify all four groups of these minor components in just one sample [23] . Because different analyses require different sample preparations, such as silylation, to convert non-volatile compounds to their more volatile derivatives for GC analyses, the whole procedure was time consuming and labor intensive. Using normal phase SFC, sample preparation which takes less than 5 minutes, is carried out only once and the analysis was completed in 20 minutes, as opposed to HPLC and GC, which takes up to 45 minutes for completion [23] . The SFC separation of the four groups of palm minor components was carried out with SC-CO 2 as mobile phase with 4% ethanol as entrainer. Temperature of the column was 50˚C and pressure 180 kg/cm 2 . Coupled with a photodiode array detector, detection of each group of the palm minor components were carried out through UV spectra, 450 nm for carotenes, 290 nm for vitamin E and 230 nm for both squalene and sterols. The same conditions were applied for the analyses of minor components in the residual oil obtained from palm pressed fibre (PFO), which in turn, is the biomass left behind upon pressing of the oil from the oil palm fruits [23] . The concentration of the minor components are much higher in PFO than CPO; carotenoids (4000 -6000 ppm), vitamin E (2000 -4000 ppm), sterols (4000 -6500 ppm) [24] .
In the same study, Choo et al. also reported on the application of SFC to separate and quantify the individual vitamin E present in palm oil [23] . All 5 of the vitamin E present, namely α-tocopherol, α-tocotrienol, γ-tocopherol, γ-tocotrienol and δ-tocotrienol, were separated and quantified using SFC, coupled with a silica column, with results comparable to the conventional HPLC technique which was widely used for the analyses of such compounds. The elution of the individual palm vitamin E followed the order of: α-T, α-T 3 , γ-T, γ-T 3 and δ-T 3 . Ng et al. also reported on similar findings, both with silica, as well as a diol stationary phase [25] [26] . Of the eight natural vitamin E components, (α-, β-, γ-and δ-tocopherol, α-, β-, γ-and δ-tocotrienol), only 5 are present in palm oil. This was confirmed by comparison of real samples with authentic standards of which separation was carried out by SFC using diol column. The elution order of the individual vitamin E by diolcolumm was, α-T, α-T 3 , β-T, δ-T, β-T 3 , γ-T, γ-T 3 and δ-T3. Study carried out by Ng et al. was also backed by data from nuclear magnetic resonance (NMR) and Mass Spectrometry which confirmed the identity of each of the individual vitamin E present in palm oil [25] . In both stationary phases used, entrainers of 4% -6% were used to facilitate the separation. For normal phase silica, SC-CO 2 is coupled with ethanol as the mobile phase while methyl-tert-butylether was the entrainer for the separation by diol column.
One of the problems associated with the behavior of solutes in supercritical fluid is the changes in the wavelength (λ max ) where they absorb maximum UV. λ max is a useful reference for the identification of carotenes as each individual carotene has their own specific λ max [19] [27] . In supercritical environment, the λ max is affected by the temperature, pressure, as well as the type and percentage of entrainer. The changes in λ max is particularly a concern in the analyses of palm carotenes as most of the 11 types of palm carotenes present were identified solely through their λ max , in the absence of authentic standards ( [28] . The study was carried out in normal silica column with temperature 50˚C and pressure 180 kg/cm 2 . Mobile phase was SC-CO 2 with varying percentage of ethanol. It was observed that the λ max of the carotenes shifted to longer wavelength with the increased in entrainer's percentage, regardless the density of SC-CO 2 . It was concluded that in the supercritical fluid environment, the determining factor for the λ max of the carotenes depended solely on the amount of entrainer present. The shift of λ max to longer wavelength was explained as the bathochromic effect of the molecules whereby polar solutions give longer λ max than non-polar solutions. With the increased percentage of the entrainer, the polarity of the whole mobile phase mixture increased [29] . Thus, it was observed that with higher percentage of entrainer, the λ max shifted to longer wavelength [28] .
For applications where water insoluble compounds are concerned, SFC has clear advantages over HPLC. Palm oil, which consists of mainly lipid components has a complex mixture of antioxidative compounds, with coenzyme Q 10 being one of them [17] [18]. Coenzyme Q 10 or also known as ubiquinone, is a powerful antioxidant that is present in 10 -80 ppm in crude palm oil [17] [30] . The importance of coenzyme Q 10 is established with the fact that it shows promising results when administered to patients with cardiac or heart diseases. In addition, it has also been shown to be effective in the prevention of lipid peroxidation and oxidative damage in the haemoglobin [31] - [34] . Analyses and detection of coenzyme Q 10 was challenging due to its low concentration in CPO. Coupled with pre-treatment of CPO, Ng et al. successfully separated and detected the palm coenzyme Q 10 using SFC [35] . A reversed phase C18 column was used in this context. Mobile phase was SC-CO 2 with 6% methanol as entrainer. It was readily agreed that SFC is a normal phase chromatographic tool without most of the problems usually associated with normal phase HPLC. The use of reversed phase SFC for the separation of coenzyme Q showed that the technique is equally successful where reversed phase is concerned. 
Preparative SFC
Preparative SFC is deemed to be a 'greener' alternative to preparative chromatography as it eliminate the use of extensive amount of organic solvents [9] [15]. The use of SFC for preparative separations has received considerable interest as a tool for pre-clinical purification for bioactives [36] - [39] . Current instrumentation for the preparative purification using SFC is quite similar to that of HPLC. Direct scale up of analytical separation of oil palm components to preparative scale was made possible and reported by Choo et al. [40] . In the study, Choo et al. successfully carried out separation and recovery of triglycerides, diglycerides, free fatty acids, carotenes and vitamin E in palm oil samples using both normal and reversed phase columns, with the similar elution order as that of analytical separations [40] . A preparative SFC purification of palm oil mixture also saw the separation, purification and recovery of individual vitamin E [41] . In this process, the individual vitamin E, as a mixture, was separated and recovered in high purity. The individual vitamin E are high value compounds due to their beneficial health properties [42] - [45] .
The main concern of preparative SFC is the cost. While hardware instrumentations can be directly adapted from preparative LC, the consumables; i.e. mobile phase, incurred an exorbitant operational cost. The cost can be reduced with the introduction of a mobile phase recycling system in which both the supercritical fluid, as well as, the entrainer (if any) is recycled in a close loop system.
Conclusion
The development of packed SFC has made paved the way for its wider applications in the oil palm industry, from analysis to preparative separation and recovery of high valuable compounds.
